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[1] Observations of the low frequency part of Jupiter
decameter wavelength (DAM) emissions were made using
the Cassini radio and plasma wave science (RPWS)
instrument. We have analyzed non-Io-DAM occurrence
dependence from 4 MHz to 16 MHz based on the System III
central meridian longitude (CML) of the Cassini spacecraft
and calculated the occurrence probability for each
frequency. As a result of this analysis, the two peaks of
non-Io-B and non-Io-A occurrence probability showed a
dramatic change in longitude between 9 MHz and 16 MHz.
At 16 MHz two peaks of probability occurred at 160� and
240� CML. As the frequency decreases to 9 MHz, the two
peaks converged to become one peak near 205� CML at
9 MHz. This peak gradually disappeared below 9 MHz.
Based on Jupiter’s magnetic VIP4 model, an angular
beaming model was made to explain these observational
results by taking into account the decreasing cone half-angle
of the emitting cone from 16 MHz down to 9 MHz. We
found the active magnetic flux tubes of non-Io-B and non-
Io-A sources are localized at about 180� ± 10� of System III
longitude projected on Jupiter’s surface. Citation: Imai, M.,

K. Imai, C. A. Higgins, and J. R. Thieman (2008), Angular

beaming model of Jupiter’s decametric radio emissions based on

Cassini RPWS data analysis, Geophys. Res. Lett., 35, L17103,

doi:10.1029/2008GL034987.

1. Introduction

[2] It is well known that Jupiter’s decametric radiation is
strongly affected by Jupiter’s magnetic System III longitude
and the orbital position of the satellite Io [Bigg, 1964]. This
influence can be clearly seen on the map of Jupiter’s radio
occurrence probability plotted as a function of the central
meridian longitude (CML) of System III (1965) and the
departure angle of the satellite Io from superior geocentric
conjunction (Io phase). The frequency range of Jupiter’s
DAM radio emission is considered to be from a few
megahertz to nearly 40 MHz. As the observable lower
frequency at ground stations is limited by terrestrial iono-
spheric conditions, only the higher frequency part above
about 15 MHz can be observed from earth. At about
20 MHz there are three significant well-known zones where

occurrence probabilities are relatively high. They are called
sources B, A, and C, in increasing longitude sequence [Carr
et al., 1983]. It is known that the emission is almost
elliptically or circularly polarized, in the right-hand sense
for sources A and B, and often in the left-hand sense for
source C. The emission is believed to be radiated in the R-X
mode at a frequency just above the local electron gyrofre-
quency [Carr et al., 1983]. Therefore sources A and B are
considered to be located in the northern auroral zone and the
source C in the southern auroral zone. Each source consists
of Io-controlled and non-Io-controlled components, the
former being observed only within a relatively narrow range
of Io phase.
[3] The Io-controlled components (Io-DAM) are believed

to originate along Jovian magnetic field lines with the shell
parameter L-shell � 5.9 (i.e., a dipolar magnetic field line
from the planet’s center intersects the equatorial plane at a
distance of 5.9 planetary radii), belonging to the previously
energized flux tube which has a relatively large lead angle
downstream of Io [Imai et al., 1997]. Meanwhile, the L-shell
value of the sources of the non-Io controlled DAM (non-Io-
DAM) has been thought to extend along L-shell � 7 field
lines [see Zarka, 1998; Clarke et al., 2004, and references
therein]. But measurement by the modulation lane method
shows the source L-shell value is close to 5.9 inside the Io
plasma torus region [Imai et al., 2002].
[4] The purpose of this paper is to report the result of a

statistical study of the low frequency part of non-Io-DAM
radio emission from 4 MHz to 16 MHz by using Cassini
data, providing new information not only on the beam
structure of the radiation, but also on the location of its
source.

2. Data and Observations

[5] The Cassini spacecraft was equipped with the radio
and plasma wave science (RPWS) instrument having five
on-board receivers that monitored the electric fields from
1 Hz to 16 MHz. The high frequency receiver (HFR) covers
the frequency range from 3.5 kHz to 16 MHz and consists
of two sets of four analog receivers with a digital signal
processing unit. It is connected to three 10 m long mono-
pole electric field antennas, called here EU, EV, and EW.
These are used to receive electric field signals. The EU and
EV monopoles were configured at an angle of 120� and both
nearly orthogonal to the EW monopole. For a full description
of the RPWS instrument see Gurnett et al. [2004]. For the
present study, only the upper band of HFR (HF2) was
used. Our analyzed mode of HF2 had a sweep period of
32 seconds for all frequency channels from 4.025 MHz to
16.025 MHz, each channel having a 200 kHz bandwidth.
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[6] The closest approach to Jupiter of the Cassini space-
craft on its way to Saturn occurred 30 December 2000. We
have analyzed DAM emissions from 2 October 2000 to 21
March 2001 by using HF2 data observed with EU, EV, and
EW monopoles, respectively. The range of the spacecraft
Jovicentric latitude is from +3.7� (2 October 2000) to �3.7�
(21 March 2001). There is an equivalent of 281 Jupiter
rotation periods (1 rotation = 9 hours 55 minutes) of data
used in this study. All of the Jovian CML and Io phase
values were sampled extensively.

3. Analysis and Modeling

[7] The Cassini data from 4 MHz to 16 MHz are
calibrated and normalized to the intensity of 100 RJ distance
for each frequency channel. The data are compiled for
spacecraft flyby and organized by Jupiter’s rotation. The
data are sorted into 5� bins of Jovian CML and 5� bins of Io
phase. All bins were observed at least 44 times. Moreover,
97% of the bins were observed above 120 times.
[8] For each rotation of Jupiter, a detection threshold was

calculated for each frequency channel as the mean intensity
(m) plus one fifth the standard deviation (s) of the mean
(m + 0.2s) at EU, EV, and EW monopoles, respectively.
This ‘‘rotation-based’’ averaging for the threshold allows
for better analysis by removing any local time effects and
long term changes in data reception. If we increase the
threshold (larger than 0.2s), the number of samples gets
too small to perform statistical analysis. Also, if we lower
the threshold too much, then we introduce all the low
intensity emissions. We are interested in intensities a
significant amount larger than the mean intensities for
each rotation. Adding minimally low intensity emissions
will reduce the occurrence probability effect.
[9] The compiled data are best displayed as probability of

occurrence graphs sorted by Jovian CML and Io phase. This
relative occurrence probability is a calculated value between
0 and 1 for each longitude and Io phase bin as the total
number of activity counts above the rotation threshold
intensity divided by the total number of observation counts
for each bin [Higgins et al., 2006; Higgins, 2007]. An
activity count occurs when the radio emission intensity is
above the rotation-based threshold for that particular fre-
quency at that particular CML and Io phase value. An
observation count occurs when the receiver is operating
nominally for that particular time period. The total occur-
rence probability was calculated by the combination of the
received data from the three individual monopole antennas.
Concerning the antenna directivity pattern of the single
monopole antenna, the axis direction is considered to be
null point. This method avoids the null effect of any single
monopole antenna for statistical analysis.
[10] The results of the analysis at 16.025 MHz are shown

in Figure 1a plotted as a function of Jovian CML and Io
phase. The enhancements in occurrence probability are seen
for the Io phase near 90� and 250�. This is consistent with
the previous study of Jupiter’s low frequency radiation from
2 MHz to 14 MHz [Alexander et al., 1981; Kaiser and
Garcia, 1997; Aubier et al., 2000]. Although there are
distinct Io-DAM emissions in Figure 1a, non-Io-DAM
components can be clearly seen. Especially, non-Io-B
appears more prominent than ground based observations.

To investigate the dependency of the System III longitude
for radio sources of the non-Io-B and non-Io-A, we
removed the data having an Io phase between 85� and
100� and between 235� and 260�, for each frequency
[Higgins et al., 2006; Higgins, 2007].
[11] Figure 1b shows Jovian CML versus relative occur-

rence probability from 16.025 MHz down to 6.025 MHz

Figure 1. (a) Cassini data at 16.025 MHz are shown as a
probability of occurrence graph of Jovian CML versus Io
phase. The occurrence probability color scale is shown at
the right. The area between 80� and 200� CML indicates the
non-Io-B region, and the area between 200� and 300�
indicates non-Io-A [cf. Carr et al., 1983]. (b) This graph is a
histogram of relative occurrence probability as a function of
Jovian CML from 6.025 MHz to 16.025 MHz in 2 MHz
steps.
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every 2 MHz. The two peaks of non-Io-B and non-Io-A in
occurrence probability showed a dramatic change in longi-
tude between 6.025 MHz and 16.025 MHz. At 16.025 MHz
two peaks of probability occurred at 160� and 240� CML.
As the frequency decreases to 10.025 MHz, the two peaks
converged to become one peak near 205� at 10.025 MHz.
This peak gradually disappeared below 10.025 MHz in
Figure 1b. Although we have to take into account the local
time effects [Alexander et al., 1981] and beaming effects
[Carr et al., 1983], the morphology of the pattern looks very
much like a V-shape, which is shown by the dotted line in
Figure 1b.
[12] To see the fine structure of the V-shape we calculated

the occurrence probability from 4.025 MHz to 16.025 MHz
in 200 kHz steps (61 channels) as a function of Jovian CML
in Figure 2a. We also corrected the relative occurrence
probability for a few of the frequency channels to reduce
nearly continuous interference generated by the spacecraft
itself. Figure 2a shows the frequency of the lower point of
the V-shape is close to 9 MHz. The enhancement of the
occurrence probability above 300� CML from 4 MHz to
16 MHz is considered to be the combination of hectometer
wavelength (HOM) emissions and non-Io-C emissions.
Also, the emissions between 90� to 145� CML below
9 MHz are considered to be another part of HOM emissions.
The analysis of these HOM emissions will be the subject of
a future paper.
[13] We now discuss the V-shape pattern of non-Io-B and

non-Io-A in Figure 2a. During early study of Jupiter’s radio
emissions by ground based observation, Thieman and Smith
[1978] found a substantial drift in the source A and B peaks
from 10 MHz to 15 MHz based on analyzing the 19 years of
data from 5.6 MHz to 30 MHz at the Universities of Florida
and Texas. Alexander et al. [1981] found the peaks of
sources A and B are drifting in CML to merge as they both

broaden in the Voyager 2 post encounter measurements of
average flux density from 22 MHz down to 12 MHz.
However, Thieman and Smith [1978] and Alexander et al.
[1981] did not exclude the effect of Io in their analyses.
Recently, Kaiser and Garcia [1997] and Aubier et al. [2000]
made an occurrence probability map based on combined
data sets with frequency from 2 MHz to 14 MHz by using
Wind/WAVES in 1995 and 1996, but they could not find the
characteristics of the V-shape pattern because of the inte-
gration effects toward frequency direction and the low
sensitivity of the receiving system.
[14] In modeling the observed V-shape pattern, we

assumed that the radio sources are located along the active
magnetic flux tubes and straight-line propagation of radio
emissions [Ladreiter and Leblanc, 1990, and references
therein] from a source region at frequencies approximately
equal to the local electron cyclotron frequencies. In calcu-
lating the source locations and wave normal angles we
have used the VIP4 magnetic field model [Connerney et
al., 1998]. In this model we hold the position of the
observer (Cassini) at a fixed radial distance r = 100RJ

and at latitude = 0�. As the L-shell values of the active
magnetic flux tubes of non-Io-DAM can be free parame-
ters, we selected two L-shell values, 5.9 and 10. The
former is based on the results of Imai et al. [2002].
The latter is chosen to check the dependence on the larger
L-shell values. And the beam structure is considered to be a
fixed thin hollow cone beam which has less than 2�
thickness [Kaiser et al., 2000].
[15] Figure 2a shows the observable range of the super-

position on the occurrence probability graph as white
horizontal lines estimating the cone half-angle at the 198�
active magnetic flux tube (the projected System III longi-
tude on Jupiter’s surface is 181�) at L-shell = 5.9 by our
model. The width of the white lines shows the observable

Figure 2. (a) Occurrence probability of non-Io-DAM from 4 MHz to 16 MHz is shown as a function of Jovian System III
CML. The white horizontal lines represent the best fit of the 198� active magnetic flux tube at L-shell = 5.9. (b) This graph
plots the best fitting cone half-angle of the V-shape pattern versus frequency from 9 MHz to 16 MHz for 1 MHz intervals at
L-shell = 5.9 and 10.
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range at the cone half-angle of the emitting cone ±1�. The
emitting cone with 55� cone half-angle at 16 MHz intersects
two sections in relation to the observer, at 162� ± 2� and
242� ± 2� in System III CML in Figure 2a. As the frequency
decreases to 9 MHz, the emitting cone with 37� cone half-
angle crossed only one section, between 190� and 212� in
System III CML. In Figure 2b we show the calculated cone
half-angle versus frequency plots, from 9 MHz to 16 MHz
in 1 MHz steps to fit the V-shape pattern for L-shell values
5.9 and 10.
[16] In the case of L-shell = 10, the change of the value of

the cone half-angle is slightly different, but the trend of the
decreasing cone half-angle from 16 MHz down to 9 MHz is
similar to the L-shell = 5.9 case. We have also investigated
the source locations by using the peak width of the non-Io-B
source between 140� and 170� CML at 16.025 MHz in
Figure 1b. At L-shell = 5.9 the corresponding range of
System III longitude of the intersection of the active
magnetic flux tubes with the equatorial plane is from 170�
to 210� (the range of the projected longitude on Jupiter’s
surface is from 169� to 187�). By contrast, at L-shell = 10
the range is from 165� to 210� (the projected range is from
167� to 185�). It means both non-Io-B and non-Io-A sources
are localized at about 180� ± 10� of System III longitude
projected on Jupiter’s surface. Figure 3a shows the emitting
cones with the decreasing cone half-angle for frequencies
from 10 MHz to 16 MHz in 2 MHz steps by using 3D
computer graphics. And also, Figure 3b shows the active
magnetic flux tubes of non-Io-B and non-Io-A sources.

4. Summary and Conclusions

[17] In this paper we report non-Io-B and non-Io-A
occurrence dependence on CML. When occurrence proba-
bility for CML is plotted versus emitting frequency, it looks
very much like a V-shape pattern (see Figure 2a). We have

proposed a changing angular beaming model to explain this
pattern by taking into account the decreasing cone half-
angle of the emitting cone from 16 MHz down to 9 MHz.
By using our model we found the active magnetic flux tubes
of non-Io-B and non-Io-A sources are localized at about
180� ± 10� of System III longitude projected on Jupiter’s
surface.
[18] It is widely believed that non-Io-DAM is auroral

radio emission from the Jovian aurora. Prangé et al. [1993]
state that one of the characteristics of an intense auroral
event in December 1990 was a shift in longitude from the
statistical average value of near 180� to greater longitudes
by about 60�. Recently, the complex structures of the Jovian
UV aurora have been obtained by the Hubble Space
Telescope [Clarke et al., 2004]. Waite et al. [2001] found
the strong intensity flare appeared near 167� System III
longitude. During the Cassini campaign, a polar flare also
occurred on 14 December 2000 around 170� System III
longitude [Grodent et al., 2003]. Our results of 180� ± 10�
are close to the values of longitudes of these UV aurora
phenomena. The close relationship between UV aurora and
non-Io-DAM emission can be considered.
[19] The electron cyclotron maser instability (CMI) is

considered to be the mechanism responsible for Jupiter’s
decametric radiation [Wu and Lee, 1979]. The angular
dependence of the growth rate is very sensitive to the ratios
wpe
2 /We

2 and ne/nb [Wong et al., 1982; Wu, 1985], where wpe
2

and We
2 are the electron plasma frequency and the electron

cyclotron frequency, and ne and nb are the number densities
of the energetic and background electrons. Wong et al.
[1982] and Wu [1985] showed the growth rates vary with
wave normal angle. Although we do not yet fully under-
stand the plasma parameters around the radio emitting
region, future theoretical study might explain why the emis-
sion cone half-angles have this dependence on frequency.
We believe that the emitting cone half-angle dependence on

Figure 3. 3D computer graphic (CG) images of the geometry of the emitting cones and the source locations based on
VIP4 model in the case of L-shell = 5.9. Color coded contour shows the magnitude of the magnetic field on the surface of
Jupiter. (a) The emitting cones having the variation of the cone half-angle from 10 MHz to 16 MHz every 2 MHz at the
198� active magnetic flux tube. (b) The locations of the feet of the active magnetic flux tubes (169�–187�) are indicated by
the small white dots along the otherwise blue contour line. The red lines indicate the active magnetic flux tubes intersecting
Io’s orbit from 170� to 210� CML every 10�. The source locations of the green and the orange spheres correspond to the
electron gyrofrequency at 10 MHz and 16 MHz, respectively.
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frequency is the key parameter of the local plasma environ-
ment of the emitting source region.
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